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MAGNETIC MEMORY, MAGNETIC MEMORY ARRAY, 
METHOD FOR FABRICATING A MAGNETIC MEMORY, METHOD 
FOR RECORDING IN A MAGNETIC MEMORY AND METHOD 
FOR READING OUT FROM A MAGNETIC MEMORY 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates to a nonvolatile magnetic memory and a 
nonvolatile magnetic memory array which are preferably usable as a magnetic 
random access memory (MRAM). Also, this invention relates to a method for 
fabricating the nonvolatile magnetic memory. Moreover, this invention relates 
to a method for recording in the nonvolatile magnetic memory and a method for 
reading out from the nonvolatile magnetic memory. 
Description of the prior art 

[0002] Various electronic devices have been employed under a specific 
condition such as an aero-space, and thus, it is desired to establish a recording 
device where once stored information can not be deleted by the irradiation of a 
radioactive ray. In this point of view, large radioactive-resistance and 
nonvolatile MRAMs having their respective simply structured magnetic memory 
cells are researched and developed. 

[0003] Conventionally, such a magnetic memory cell is shaped rectangular, 
and information "0" or "1" is stored on the magnetic direction of the magnetic 
memory cell. With the conventional magnetic memory cell, however, the 
magnetic flux originated from the magnetization is leaked outside from the 
magnetic memory cell due to the configuration thereof. In order to increase the 
recording capacity of the MRAM, in contrast, such an attempt is made as to 
arrange a plurality of magnetic memory cells in high density. In this case, 
however, the leaked magnetic flux affects significantly on the adjacent magnetic 
memory cells, and thus, the intended high density MRAM can not be realized. 
[0004] In this point of view, the inventors have developed a ring-shaped 
magnetic memory where a right handed (clockwise) magnetization or a left- 
handed (anticlockwise) magnetization is created in vortex, and information "0" 
or "1" is stored on the rotative direction of the magnetization thereof (Japanese 
Patent application 2002-73681). 
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[0005] In this case, since a magnetic flux is not leaked from the magnetic 
memory, if a plurality of magnetic memory are arranged in high density as 
mentioned above, the leaked magnetic flux can not almost affect on the adjacent 
magnetic memories, so that a high density MRAM can be realized. 
[0006] With the ring-shaped magnetic memory, however, the motion of the 
magnetic domain wall is prevented due to the inside external wall, so that the 
magnetization can not be easily inverted. In order to control the right handed 
magnetization and the left handed magnetization, it is required to flow current 
perpendicular to the ring-shaped magnetic memory and thus, to generate rotative 
magnetic field in the magnetic memory along the ring-shaped configuration, as 
indicated in "Journal of Applied Physics, 87, 9, p6668-6673(2001)". Therefore, 
the control of the magnetic condition of the ring-shaped magnetic memory is 
very difficult and complicated, so that the ring-shaped magnetic memory can not 
be practically employed. 

SUMMERY OF THE INVENTION 
[0007] It is an object of the present invention to provide a magnetic memory 
and a magnetic memory array which can generate a right handed (clockwise) 
vortex magnetization and a left handed (anticlockwise) vortex magnetization 
easily to realize stable recording performance on the direction of the vortex 
magnetization. It is another object of the present invention to provide a method 
for fabricating the magnetic memory, a method for recording in the magnetic 
memory and a method for reading out from the magnetic memory. 
[0008] In order to achieve the above-mentioned objects, this invention relates 
to a magnetic memory comprising a magnetic substance composed of a disc- 
shaped first magnetic layer and a ring-shaped second magnetic layer which is 
formed on the first magnetic layer. 

[0009] The inventors found out through vast researches and developments 
that if the ring-shaped magnetic layer is formed adjacent to, concretely on the 
disc-shaped magnetic layer, to constitute the magnetic memory, and a given 
external magnetic field is applied to the magnetic memory, the disc-shaped 
magnetic layer is magnetized in vortex. In this case, the vortex magnetization 
of the disc-shaped magnetic layer functions as nucleus to generate the right 
handed (clockwise) magnetization and the left handed (anticlockwise) 
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magnetization easily in the ring-shaped magnetic layer along the surfaces thereof. 
[0010] If the polarity of the external magnetic field is varied, the direction of 
the vortex magnetization can be varied in the disc-shaped magnetic layer, so that 
the direction of the vortex magnetization of the ring-shaped magnetic layer can 
be easily varied to the left handed (anticlockwise) magnetization from the right 
handed (clockwise) magnetization or to the right handed (clockwise) magnetiza- 
tion from the left handed (anticlockwise) magnetization. Therefore, if the 
information "0" or "1" is stored on the direction of the vortex magnetization of 
the ring-shaped magnetic layer, the magnetic memory, including the magnetic 
substance composed of the disc-shaped magnetic layer and the ring-shaped 
magnetic layer, can be employed practically. 

[0011] In the magnetic memory of the present invention, since the ring- 
shaped magnetic layer is formed, magnetic flux can not be leaked from the vortex 
magnetization. Therefore, if the magnetic memories are arranged in high 
density to constitute the magnetic memory array, the leaked magnetic flux can 
not affect on the adjacent magnetic memories. As a result, the magnetic memory 
array can be employed practically as a high density magnetic memory array. 
[0012] In a preferred embodiment of the present invention, the periphery of 
the magnetic substance composed of the disc-shaped magnetic layer and the ring- 
shaped magnetic layer is notched. In this case, the right handed (clockwise) 
vortex magnetization and the left handed (anticlockwise) vortex magnetization can 
be easily generated in the ring-shaped magnetic layer of the magnetic memory, and 
information "0" or "1" can be easily stored in the magnetic memory on the direction 
of the vortex magnetization on good control of the direction of the vortex magnet- 
ization. Therefore, the magnetic memory can be employed more practically. 
[0013] Other features and advantages of the magnetic memory of the present 
invention will be described below. Also, a fabricating method, a recording 
method and a reading method for the magnetic memory will be described below. 
BRIEF DESCRIPTION OF THE DRAWINGS 

For better understanding of the present invention, reference is made to 
the attached drawings, wherein 

Fig. 1 is a top plan view showing a magnetic substance constituting a 
magnetic memory according to the present invention, 
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Fig. 2 is a cross sectional view of the magnetic substance shown in 
Fig. 1, taken on line "A- A", 

Fig. 3 is a cross sectional view showing one step in fabricating the 
magnetic memory of the present invention, 

Fig. 4 is a cross sectional view showing the step after the step shown 

in Fig. 3, 

Fig. 5 is a cross sectional view showing the step after the step shown 

in Fig. 4, 

Fig. 6 is a cross sectional view showing the step after the step shown 

in Fig. 5, 

Fig. 7 is a top plan view showing another magnetic substance 
constituting another magnetic memory according to the present invention, 

Fig. 8 is a cross sectional view of the magnetic substance shown in 
Fig. 7, taken on line "B-B", 

Fig. 9 is a top plan view showing a concrete magnetic memory 
including the magnetic substance shown in Figs. 7 and 8, 

Fig. 10 is a cross sectional view showing the magnetic memory shown 
in Fig. 9, taken on line "C-C", 

Fig. 11 is a schematic view showing the magnetization state of the 
first magnetic layer of the magnetic substance constituting the magnetic memory 
of the present invention when an external magnetic field is applied, 

Fig. 12 is a schematic view showing the magnetization state of the 
second magnetic layer of the magnetic substance constituting the magnetic 
memory of the present invention when the external magnetic field is applied, 

Fig. 13 is a simulated map showing the magnetization switching 
process of the second magnetic layer of the magnetic substance constituting the 
magnetic memory of the present invention, and 

Fig. 14 is a simulated map showing the magnetization switching 
process of the first magnetic layer of the magnetic substance constituting the 
magnetic memory of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0014] This invention will be described in detail with reference to the 
accompanying drawings. 
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Fig. 1 is a top plan view showing a magnetic substance constituting a 
magnetic memory according to the present invention, and Fig. 2 is a cross 
sectional view of the magnetic substance shown in Fig. 1, taken on line "A- A". 
The magnetic substance 110 illustrated in Figs. 1 and 2 includes a disc-shaped 
first magnetic layer 101 and a ring-shaped magnetic layer 102 formed on the first 
magnetic layer 101. 

[0015] It is desired to set the ratio (D2/D1) of the inside diameter D2 to the 
outside diameter Dl of the second magnetic layer 102 within 0.1-0.8, particularly 
within 0.3-0.6. In this case, when an external magnetic field is applied to the 
magnetic substance 110, in the second magnetic layer 102, the magnetic domain 
wall can be moved easily without the influence of the inside external wall. 
Therefore, the vortex magnetization of the first magnetic layer 101 which is 
generated by the external magnetic field functions as nucleus to form a given 
vortex magnetization in the first magnetic layer 101 along the surfaces thereof. 
In this case, the direction of the vortex magnetization in the second magnetic 
layer 102 can be easily controlled. 

[0016] Concretely, the outside diameter Dl of the second magnetic layer 102 
is preferably set within 100-1500nm, and the inside diameter of the second 
magnetic layer 102 is preferably set within 10-1200nm. Also, it is desired to set 
the ratio (tl/t2) of the thickness tl of the first magnetic layer 101 to the thickness 
t2 of the second magnetic layer 102 within 1/5-5, particularly within 1/2-2. 
In this case, the first magnetic layer 101 is magnetically combined with the 
second magnetic layer 102 in good condition, so that the vortex magnetization 
can be easily formed in the second magnetic layer 102, originated from the 
vortex magnetization of the first magnetic layer 101 as nucleus. In this case, the 
direction of the vortex magnetization in the second magnetic layer 102 can be 
easily controlled. 

[0017] Concretely, the thickness tl of the first magnetic layer 101 is 
preferably set within 4-20nm, and the thickness t2 of the second magnetic layer 
102 is preferably set within 4-20nm. 

[0018] The first magnetic layer 101 and the second magnetic layer 102 may 
be made of room temperature ferromagnetic material such as Ni-Fe, Ni-Fe-Co, 
Co-Fe or Ni-Fe-Co. Herein, the "room temperature ferromagnetic material" 
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means a ferromagnetic material which can exhibit ferromagnetic properties at 
room temperature, and thus, encompasses another well known magnetic material 
in addition to the above-mentioned magnetic materials. 

[0019] The magnetic memory illustrated in Figs. 1 and 2 can be fabricated as 
follows. Figs. 3-6 are process drawings showing the fabricating method of the 
magnetic memory. 

[0020] As shown in Fig. 1, first of all, a given substrate 201 is prepared, and 
a mask 203 with circular openings 204 is formed of resist on the main surface 
202 of the substrate 201. Then, magnetic particles 205 are introduced into the 
openings 204 of the mask 203 on the main surface 202 of the substrate 201 by the 
inclination angle of 0 from the normal line to the main surface 202 of the 
substrate 201 while the substrate 201 is rotated at a predetermined velocity, e.g., 
60rpm. As shown in Figs. 4 and 5, in this case, the magnetic particles 205 are 
deposited on the main surface 202 of the substrate 201 and the side surfaces of 
the openings 204 of the mask 204. 

[0021] Then, after a predetermined amount of magnetic particles 205 is 
deposited in the openings 204, the mask 203 is dissolved with a given solvent 
such as acetone, to complete a magnetic substance 210 where a disc-shaped first 
magnetic layer 207 and a ring-shaped second magnetic layer 209 are successively 
stacked, as shown in Fig. 6. 

[0022] The magnetic particles 205 may be deposited by a well known means 
such as vacuum deposition or sputtering. Herein, the angle 9 is preferably set 
within 30-60 degrees. In this case, the magnetic particles 205 can be deposited 
on the main surface 202 and the side surfaces of the openings 204 efficiently, and 
then, the intended magnetic substance 210 can be made easily. 
[0023] Fig. 7 is a top plan view showing another magnetic substance con- 
stituting another magnetic memory according to the present invention, and Fig. 8 
is a cross sectional view of the magnetic substance shown in Fig. 7, taken on line 
"B-B". The magnetic substance 310 illustrated in Figs. 7 and 8 includes a disc- 
shaped first magnetic layer 301 and a ring-shaped magnetic layer 302 formed on 
the first magnetic layer 301. The periphery of the magnetic substance 310, that 
is, the peripheries of the first magnetic layer 301 and the second magnetic layer 
302 are notched. 
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[0024] Since the periphery of the magnetic substance 310 is notched, the 
right handed (clockwise) vortex magnetization and the left handed (anti- 
clockwise) vortex magnetization can be easily generated in the ring-shaped 
second magnetic layer 302, and information "0" or "1" can be easily stored in the 
direction of the vortex magnetization on good control of the direction of the 
vortex magnetization. 

[0025] The height h of the notch 305 is set so as to satisfy the relation of the 
ratio (h/H)>0.006 (H: the outside diameter of the magnetic substance 310). Not 
necessarily restricted, the ratio (h/H) is preferably set to 0.2 or below. If the 
ratio (h/H) is set beyond 0.2, the above-mentioned function can not be enhanced, 
and the vortex magnetization may not be formed in the second magnetic layer 
302, resulting in the malfunction of the magnetic substance 310 as a magnetic 
memory. 

[0026] The first magnetic layer 301 and the second magnetic layer 302 of the 
magnetic substance 310 may be made in the same manner as in the previous 
embodiment relating to Figs. 1 and 2. 

[0027] Fig. 9 is a top plan view showing a concrete magnetic memory 
including the magnetic substance shown in Figs. 7 and 8, and Fig. 10 is a cross 
sectional view showing the magnetic memory shown in Fig. 9, taken on line 
"C-C". 

[0028] With a magnetic memory 420 shown in Figs. 9 and 10, a ring-shaped 
third magnetic layer 404 is formed via a ring-shaped non-magnetic layer 403 on a 
magnetic substance 410 composed of a disc-shaped first magnetic layer 401 and 
a ring-shaped second magnetic layer 402 which are successively stacked. Also, 
a ring-shaped antiferromagnetic layer 405 is formed on the third magnetic layer 
404. The non-magnetic layer 403 through the antiferromagnetic layer 405 are 
formed concentrically for the magnetic substance 410. 

[0029] The magnetic substance 410 may be made in the same manner as in 
the previous embodiment relating to Figs. 7 and 8, and satisfies the above- 
mentioned requirements. In this point of view, if the thickness tl of the first 
magnetic layer 401 and the thickness t2 of the second magnetic layer 402 which 
constitute the magnetic substance 410 are set within 4-20nm, respectively, the 
thickness t3 of the third magnetic layer 404 is preferably set within 5-20nm. 
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Therefore, the reading operation for the magnetic memory can be performed in 
good condition as will be described hereinafter. 

[0030] The third magnetic layer 404 may be made of the same room temper- 
ature ferromagnetic material as the first magnetic layer 401 and the second 
magnetic layer 402. The non-magnetic layer 403 may be made of non-magnetic 
material such as Cu, Ag or Au. The antiferromagnetic layer 405 may be made 
of antiferromagnetic material such as Mn-Ir, Mn-Pt or Fe-Mn. The thicknesses 
of the non-magnetic layer 403 and the antiferromagnetic layer 405 are 
appropriately determined so as to magnetically divide the magnetic substance 
410 and the third magnetic layer 404 and magnetically pin the magnetization of 
the third magnetic layer 404 through exchange interaction. 
[0031] The recording operation for the magnetic memory 420 shown in 
Figs. 9 and 10 will be carried out as follows. Fig. 11 is a schematic view 
showing the magnetization state of the first magnetic layer 401 of the magnetic 
substance 410 when an external magnetic field is applied, and Fig. 12 is a 
schematic view showing the magnetization state of the second magnetic layer 402 
of the magnetic substance 410 when the external magnetic field is applied. 
Herein, the arrow designates the direction of magnetization. 
[0032] When an external magnetic field is applied to the magnetic memory 
420 shown in Figs. 9 and 10, as is apparent from Fig. 7, a right handed 
(clockwise) vortex magnetization XI (Fig. 11(a)) or a left handed (anticlockwise) 
vortex magnetization X2 (Fig. 11(b)) are generated in the disc-shaped first 
magnetic layer 401 on the polarity of the external magnetic field. Since the first 
magnetic layer 401 are magnetically combined with the second magnetic layer 
402, the vortex magnetization of the first magnetic layer 401 functions as nucleus 
to generate a corresponding right handed (clockwise) vortex magnetization Yl 
(Fig. 12(a)) or a corresponding left handed (anticlockwise) vortex magnetization 
Y2 (Fig. 12(b)) in the second magnetic layer 402 along the surfaces thereof. 
In this way, the vortex magnetization can be formed easily in the second 
magnetic layer 402. 

[0033] The vortex magnetizations XI and X2 of the first magnetic layer 401 
can be switched by the polarity of the external magnetic field, the vortex 
magnetizations Yl and Y2 can be also switched easily on the switching of the 
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vortex magnetizations XI and X2. Therefore, the direction of the vortex 
magnetization of the second magnetic layer 402 can be controlled easily. As a 
result, if information "0" or "1" is stored on the vortex magnetization Yl or Y2, 
the recording operation for the magnetic memory 420 can be performed stably, so 
that the magnetic memory 420 can be practically employed. 
[0034] The reading operation for the magnetic memory 420 will be carried 
out as follows. The magnetization of the third magnetic layer 404 is pinned in a 
given direction, e.g., the right handed (clockwise) direction or the left handed 
(anticlockwise) direction through the exchange interaction with the antiferro- 
magnetic layer 405. In this case, the electric resistance of the magnetic memory 
420 depends on the relative direction of the vortex magnetization of the second 
magnetic layer 402 for the vortex magnetization of the third magnetic layer 404. 
[0035] When the vortex magnetization of the second magnetic layer 402 is in 
parallel with the vortex magnetization of the third magnetic layer 404, the 
electric resistance of the magnetic memory 420 is rendered minimum, and when 
the vortex magnetization of the second magnetic layer 402 is in anti-parallel with 
the vortex magnetization of the third magnetic layer 404, the electric resistance 
of the magnetic memory 420 is rendered maximum. Therefore, if the above- 
mentioned recording operation is carried out for the magnetic memory 420 to 
generate the vortex magnetization while the magnetization of the third magnetic 
layer 404 is pinned in a predetermined direction, the reading operation can be 
performed by detecting the change in electric current due to the change in 
electric resistance of the magnetic memory 420. 
[0036] 
Example: 

The disc-shaped first magnetic layer and the ring-shaped second 
magnetic layer were made of Ni-20 at % alloy in thicknesses of 8nm and 16nm, 
respectively, and the outside diameter and the inside diameter of the second 
magnetic layer were set to 500nm and 300nm, respectively, to complete the 
magnetic substance as shown in Figs. 1 and 2. Then, the variations in 
magnetization state of the first magnetic layer and the second magnetic layer 
were simulated. 

[0037] Fig. 13 is a simulated map showing the magnetization switching 
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process of the second magnetic layer, and Fig. 14 is a simulated map showing the 
magnetization switching process of the first magnetic layer. As is apparent 
from Fig. 13, the right handed (clockwise) vortex magnetization is induced in the 
second magnetic layer as the external magnetic field is increased from -3000Oe, 
and then, the right handed (clockwise) vortex magnetization is clearly generated 
in the second magnetic layer at the magnetic field of about 170Oe. As is 
apparent from Fig. 14, the right handed (clockwise) vortex magnetization is also 
clearly generated in the first magnetic layer at the magnetic field of about 170Oe. 
Therefore, it was turned out that the right handed (clockwise) magnetization of 
the second magnetic layer was generated from the right handed (clockwise) 
vortex magnetization of the first magnetic layer as nucleus. 

[0038] Although the present invention was described in detail with reference 
to the above examples, this invention is not limited to the above disclosure and 
every kind of variation and modification may be made without departing from 
the scope of the present invention. 

[0039] As mentioned above, according to the present invention can be 
provided a magnetic memory and a magnetic memory array which can generate a 
right handed (clockwise) vortex magnetization and a left handed (anticlockwise) 
vortex magnetization easily to realize stable recording performance on the 
direction of the vortex magnetization. Moreover, a method for fabricating the 
magnetic memory, a method for recording in the magnetic memory and a method 
for reading out from the magnetic memory can be provided. 
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